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Colchicine is a substance with potent anti-inflammatory properties, having a unique mechanism of action, which allows for safe use in patients with cardiovascular disease. 10 The purpose of the present clinical study was to test the hypothesis that a short course of treatment with colchicine could lead to reduced infarct size in patients presenting with STEMI and treated with primary percutaneous coronary intervention.
Methods
This was a prospective, double-blinded, placebo-controlled study, performed in 2 primary percutaneous coronary intervention referral hospitals in the greater Athens area, whereas MRI studies were all performed in a third (separate) center. Patients presenting with STEMI, ≤12 hours from the onset of chest pain, from July 2013 until March 2015, were included. Main exclusion criteria were: age ≤18 or ≥80 years, active inflammatory or infectious disease or known malignancy, current treatment with corticosteroids or other anti-inflammatory agents, known hypersensitivity to colchicine or current chronic treatment with colchicine, severe renal failure (estimated glomerular filtration rate <30 mL•min -1 •1.73 m -2 ), hepatic failure (Child-Pugh class B or C), cardiac arrest, ventricular fibrillation or cardiogenic shock as presenting symptom, stent thrombosis, angina within 48 hours before infarction, previous myocardial infarction, occlusion of the left main or left circumflex coronary artery or with evidence of coronary collaterals to the region at risk on initial coronary angiography, presence of metallic implants (ferromagnetic material), and inability or unwillingness to provide informed consent. The protocol was approved by the institutional review boards and was implemented in accordance with the provisions of the Declaration of Helsinki. All patients provided informed consent.
After completion of the diagnostic coronary angiography, patients were randomly assigned (using a 1:1 allocation scheme based on a computer-generated randomization algorithm -an R language script was used for this purpose) to receive colchicine, starting with a loading dose of 2 mg (1.5 mg initially followed by 0.5 mg 1 hour later) and continuing with 0.5 mg twice daily, or placebo, for 5 days (Figure 1 ). Patients with <60 kg body weight received 0.5 mg once daily. Monitoring of adverse events focused on gastrointestinal manifestations, hepatotoxicity, myelotoxicity, and myotoxicity. Operators and personnel involved in patient follow-up and management were blinded as to patient allocation (patient treatment was identified by a serial number; assignment records were kept in a digital file that was unlocked after conclusion of the last patient follow-up procedures and database locking).
All patients received standard-of-care treatment for STEMI. During primary percutaneous coronary intervention, bivalirudin, heparin, and glycoprotein IIb/IIIa inhibitors were used at the discretion of the treating interventionalist. Standard medical therapy was administered, including β-blockers, statins, acetyl-salicylic acid, and ticagrelor or prasugrel at recommended daily dosages.
The primary outcome parameter was the area under the curve of creatine kinase-myocardial brain fraction (CK-MB) concentration over 72 hours after admission (calculated using the Simpson summing rule 11 ). CK-MB was measured on admission and every 4 hours thereafter. Maximal high-sensitivity troponin T was a secondary outcome measure during the same time period. A subset of patients from the total cohort underwent cardiac MRI with late gadolinium enhancement (LGE) 6 to 9 days after the index STEMI (MRI subgroup). In this subgroup, absolute myocardial infarct volume, determined by LGE, was the primary outcome measure. Myocardial infarct volume indexed to body surface area and relative infarct size (proportion of absolute infarct volume to left ventricular myocardial volume) were secondary outcome measures. Figure 1 . Study flow chart. All patients were screened at the emergency department and consent was sought. Final eligibility was determined in the catheterization department, as per protocol requirements. All exclusions at this stage were the result of protocol provisions. ICCU indicates intensive coronary care unit; LGE, late gadolinium enhancement; and PCI, percutaneous coronary intervention.
Blood samples for high-sensitivity troponin T (Elecsys Troponin T hs assay, Roche Diagnostics; lower detection limit 5 pg/mL) and CK-MB (Elecsys CK-MB assay, Roche Diagnostics; lower detection limit <0.1 ng/mL) measurement, and other analyses (complete blood count, biochemistries, including high-sensitivity C-reactive protein, etc), as well, were obtained at baseline (on admission), every 4 hours for the first 72 hours postpresentation, and every 12 hours thereafter. All patients had a standard transthoracic echocardiographic study performed before discharge, whereupon left ventricular ejection fraction was calculated with the modified Simpson rule.
Cardiac MRI
The cardiac MRI protocol was performed on a 1.5T Siemens Symphony system (Erlangen, Germany). Approximately 8 to 9 minutes after administration of 0.015 to 0.02 mmol/kg of gadobutrol (Gadovist, Bayer Hellas AG), a multiphase inversion-recovery steady-state free precession scan ("TI-scout") was acquired in the mid short-axis plane to determine the optimal inversion time (TI) to null normal myocardium for delayed enhancement imaging. The time that corresponded to the image with sufficiently nulled myocardium was input as the TI into the subsequent inversion recovery segmented turbo flash sequence used for delayed enhancement imaging. Typically, the TI spanned 230 to 330 ms over the course of the study. Other imaging parameters were: repetition time/echo time/flip = 700 ms/4.18 ms/25 deg, 8 mm thickness, field of view = 255×340 mm, 192×256, and 25 segments. Acquisition was performed in the short axis, covering the left ventricle from base to apex. In addition, single slices were acquired in the long axis, 4-chamber and 3-chamber views. The TI was increased as needed as time passed (10-20 minutes after gadobutrol administration). To quantify the myocardial scar, short-axis delayed enhancement images were analyzed by using the freely available for research purposes software Segment, version 1.9 R2354 (http://segment.heiberg.se; Figure 2 ).
Sample Size Estimation and Statistical Analysis
Preliminary measurements in patients presenting with STEMI at our institution had an area under the CK-MB concentration curve in the first 72 hours of ≈6000 U [(ng/mL)×h] with a standard deviation of ≈3000 U. It was calculated that, to detect a 25% reduction in the primary outcome measure with 85% probability (type II error probability 0.15), at an α-level (type I error probability) of 0.05, 150 subjects would have to be included. Analysis was performed on an intention-to-treat basis (all randomly assigned patients). Continuous variables were expressed as median (25th-75th percentile). Comparisons of central tendencies and correlations were tested using nonparametric tests (Mann-Whitney U and Spearman, respectively). Categorical variables were expressed as counts and percentages and compared by using the χ 2 test (or Fisher exact test, if the generated 2×2 contingency tables contained cells with expected counts ≤5). SPSS 17 software package (SPSS Inc, Chicago, IL) and R language were used for all analyses. P values <0.05 (2-sided) were considered as indicative of statistical significance.
Results
One hundred fifty-one patients (104 male) were included in the final analysis (77 in the colchicine group and 74 controls). Sixty (41 male) of these patients were included in the MRI substudy. The epidemiological and clinical characteristics of the 2 cohorts (as a whole and divided in the 2 treatment arms) are summarized in the Table. The 2 treatment arms were similar in respect to important baseline parameters, both in the whole cohort (the only notable trend was a nonsignificantly higher thrombus burden in the colchicine arm) and the MRI subgroup. The MRI subgroup characteristics did not differ in any significant way from those of the total cohort.
Total Cohort
The median number of CK-MB measurements per patient was 16 (15-16; 12 LGE indicates late gadolinium enhancement. 
MRI Subgroup
MRI-LGE-defined infarct size, both in terms of absolute infarct volume and relative infarct size (proportion of infarct to left ventricular myocardial volume) was smaller in colchicine-treated individuals ( Figure 4 Figure 4 ). Biomarker-defined infarct size was also lower in colchicine-treated patients of the MRI subset, similarly to the total cohort ( Figure 4 ). As expected, there was a significant correlation between MRI-and biomarker-defined infarct size, which suggests good internal consistency of the data ( Figure 5A ).
Study Treatment Discontinuation and Adverse Effects
Overall, 23 of 151 patients discontinued treatment before taking all study drug doses. The discontinuation rate was 26% in the colchicine group (20 of 77 patients), as opposed to 4% in the control group (3 of 74 patients; P<0.001). The reason for discontinuing the study drug was reported as diarrhea in 16 of 23 cases (15 belonged to the colchicine group and 1 to the control group) and nausea/vomiting in 3 cases (all in the colchicine group). In 1 case, marked elevation in serum alanine aminotransferase was reported as the reason for study drug discontinuation (up to ≈5 times the upper reference limit, without any sequelae). No cases of myelotoxicity were reported. In-hospital death occurred in 1 patient of the colchicine group and 1 of the control group (on days 4 and 5 of hospitalization, respectively).
The area under the curve of CK-MB concentration was 2312 (1201-5743) ng•h•mL -1 in patients of the colchicine group who completed treatment (n=57) versus 5920 (2998-8858) ng•h•mL -1 in those who stopped treatment (n=20; P=0.003). The corresponding values for absolute infarct size in the MRI subgroup were 12.4 (6.8-25.9) mL in patients who completed colchicine treatment (n=24) versus 29.1 (26.1-36.6) mL in those who discontinued (n=7; P=0.008).
Inflammatory Markers
Maximal neutrophil count (the highest neutrophil count measured during hospitalization) was 7543 (6549-10 118) /μL in the colchicine group in comparison with 8922 (7880-10 307)/μL in controls (P=0.008). It was significantly associated with relative and absolute MRI-LGE infarct size ( Figure 5B) , and with the area under the CK-MB curve (Spearman ρ 0.79; P<0.001). These correlations were significant independently of study treatment (colchicine or placebo). 
Continuous variables are summarized as median (interquartile range). Categorical variables are presented as count (percentage)
. CRP indicates C-reactive protein; eGFR, estimated glomerular filtration rate (Cockroft-Gault); hs-TnT, high-sensitivity troponin T; LAD, left anterior descending; pPCI, primary percutaneous coronary intervention; RCA, right coronary artery; and TIMI, thrombolysis in myocardial infarction. 
Discussion
The results of this prospective randomized study indicate that treatment with colchicine in patients with STEMI undergoing primary percutaneous coronary intervention is associated with smaller infarct size, as defined by both biomarker release and MRI-LGE. This effect was accompanied by a substantial treatment-related difference in markers of post-myocardial infarction inflammatory response, namely neutrophil count and C-reactive protein. These latter parameters were quite strongly associated with infarct size.
Inflammation has been shown to be implicated in several processes involved in the sequence of events that follow the obstruction of an epicardial coronary artery in the context of STEMI, including thrombus composition, 13 endothelial function, 14, 15 postinfarction myocardial function, 16, 17 clinical events, [18] [19] [20] [21] [22] and, even, peri-infarct kidney injury. 23 There is also evidence that timelier reperfusion leads to a blunted inflammatory response, 24 whereas C-reactive protein levels following STEMI are predictive of left ventricular remodeling, 25 and inflammatory mediators are correlated with biomarkers of cardiac dysfunction. 26 Most importantly, specific components of the cellular inflammatory response have been shown to be strongly correlated with STEMI-related myocardial damage: monocyte response has been associated with severe myocardial injury and poor functional outcome after STEMI, 27 and neutrophil peaks have been found to predict MRI-defined infarct size. 28 In view of this evidence, the significant inverse correlation of colchicine treatment with post-STEMI neutrophil rise, which was observed in the present study, suggests a potential mechanism of the observed beneficial effect of colchicine (along with the observed association of neutrophil count with infarct size, which was strong for all patients independently of treatment allocation).
Colchicine is a drug with well-known anti-inflammatory properties, shown to be safe in various settings of cardiovascular disease. [29] [30] [31] Its unique effects stem from its ability to interfere with microtubule polymerization. At a structural level, each hollow microtubule is assembled from 13 parallel protofilaments, which in turn comprise alternating, very tightly linked, α-and β-tubulin subunit pairs organized along a longitudinal axis. 32 Colchicine binds to the intradimeric α-β interface, in the center of the tubulin heterodimer. [33] [34] [35] By interfering with microtubule polymerization, colchicine affects virtually every process that requires cytoskeletal changes, including cell mitosis, exocytosis, and motility, and, mainly owing to its pharmacokinetics, these effects are particularly potent on inflammatory cells. 36 Inhibition of interleukin-1 production by activated neutrophils, downregulation of tumor necrosis factor-α receptors in macrophages and endothelial cells, and impairment of the adhesion of neutrophils to the vascular endothelium, probably through modulation of endothelial E-selectin and neutrophil L-selectin surface expression, are some of the ways colchicine affects inflammatory responses. 36, 37 Experimental or clinical data regarding the role of colchicine in STEMI are sparse. In 1 study, in an open-chest canine model of reperfusion injury, the number of circulating neutrophils, neutrophil cytotoxicity, and neutrophil myocardial accumulation after 6 hours of reperfusion were reduced in colchicine-treated dogs, although there was no difference in infarct size. 38 To our knowledge, no study has assessed the effect of colchicine on infarct size in humans. Raju et al 39 studied a mixed population of 80 patients with STEMI, non-STsegment-elevation acute coronary syndrome, and ischemic stroke and found no difference in C-reactive protein between patients on colchicine and controls 30 days after the index event (a time point at which one would expect acute inflammatory processes to have subsided even in patients not taking any anti-inflammatory treatment, which renders this finding difficult to interpret in a clinically meaningful way). On the other hand, colchicine has already been shown to be associated with reduced myocardial damage in another setting of ischemia/reperfusion myocardial insult, namely that of cardiac surgery. 40 Studies of other agents with anti-inflammatory action have given varying results in improving outcomes following STEMI. In 2 small studies, an interleukin-1 inhibitor was associated with a lower incidence of heart failure after the index myocardial infarction. 41, 42 However, in another study in patients with non-ST-segment-elevation acute coronary syndrome, the same agent, despite a significant reduction in biomarkers of inflammation, was associated with more recurrent events at 1 year (although it should be noted that this study was not designed to evaluate clinical end points and, in any case, non-ST-segment-elevation acute coronary syndrome pathophysiology differs substantially from that of STEMI). 43 Of note, the immunosuppressive agent cyclosporine has been shown to have a beneficial effect on infarct size in STEMI 44 ; although the authors suggest that cyclosporine had a cardioprotective effect as a result of inhibition of the opening of mitochondrial permeability-transition pores, the possibility that its immunosuppressive action may also have played a role in the observed effect cannot be discounted. In any case, interest in this area of research remains unabated, with large clinical trials of novel anti-inflammatory agents underway. 45 In this context, the findings of the present study are quite remarkable, given that a favorite effect of treatment was found in all studied parameters (biomarkers and cardiac MRI). It is possible that the broadness of colchicine effects (affecting various pathways of the inflammatory processes) is an advantage in the complex pathophysiological interplay between inflammation, ischemia, and reperfusion in reperfused STEMI. However, one should probably go beyond statistical significance and note, by observing the distribution of evaluated infarct sizes in colchicine-treated patients (eg, in Figure 3) , that there was a marked dispersion of values, possibly indicating considerable heterogeneity in the drug effect (or, even more probably, a result of the considerable proportion of premature discontinuation of the study drug). This observation, along with the fact that the study was not powered to demonstrate differences in hard clinical end points, must define the boundaries in generalizing these results: they are certainly compelling, pointing toward potential usefulness of colchicine in this setting, but further studies are definitely necessary to draw secure clinical conclusions. 
Study Limitations
The studied measures of infarct size (CK-MB output and MRI-LGE infarct size) are well validated in this setting, with good correlation with prognosis 46,47 -although limitations can arise both in the case of CK-MB (eg, when different sampling intervals are used in the concentration versus time plot and when comparing patients with altered enzyme kinetics) and in the case of MRI (probably the most important factor is the timing of the measurement relative to the index event). These potential sources of error were carefully kept to a minimum in the present study.
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CLINICAL PERSPECTIvE
In this study, a short course of colchicine treatment or placebo was administered to 151 patients with ST-segment-elevation acute myocardial infarction treated with primary percutaneous coronary intervention. Colchicine was started in the catheterization laboratory and was continued for 5 days. The primary end point was the area under the creatine kinase-myocardial brain fraction curve over the first 72 hours of hospitalization and, in a subset of 60 patients, infarct size was also assessed with cardiac MRI with late gadolinium enhancement 6 to 9 days after the index myocardial infarction. Both biomarker-and MRI-late gadolinium enhancement-defined infarct size was smaller in patients of the active treatment group. Infarct size was positively associated with markers of inflammation (neutrophil count and C-reactive protein), and colchicine treatment was correlated with lower levels of these markers. The findings suggest a role for anti-inflammatory treatment in the peri-infarct period. Although the study was not powered to assess clinical outcomes, the surrogate outcome measures that were used are well-established correlates of prognosis and clinical events. Still, for any firm recommendations for colchicine treatment in patients with acute myocardial infarction to be made, a larger study with clinical end points would be needed.
